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Abstract 
This paper presents recent findings about the influence of oil-soaked mineral wool insulation material on the thermal heat loss of 
the insulated pipe. Thermal oil is a popular heat transfer fluid in high-temperature solar cooling applications using concentrating 
collectors, eg parabolic trough or linear Fresnel collectors. Leaks in thermal oil pipes or components thereof, eg. fittings, valves 
etc., result in thermal oil saturating the surrounding insulation layer. Mineral wool soaked with thermal oil has a higher heat 
conductivity than pure dry mineral wool. The influence of oil content on the heat loss has been investigated using a test stand 
with a heated section of insulated pipe. Simulated leaks have been applied and the temperature changes on the outside of the 
insulation have been observed. Different grades of saturation (0%, 33% and 50%) have been investigated in the work presented, 
as well as different temperature levels (175°C/347°F and 250°C/482°F) of the thermal oil within the pipe. Thermal conductivity 
and heat loss are calculated and presented for these.  
The results show that an oil content of 33% in mineral wool insulation increases thermal conductivity by a factor of 2.5 to 3, 
compared to dry, oil-free insulation. An oil content of 50% increases thermal conductivity by a factor of up to 3.3. It was 
observed that the difference in thermal conductivity between 175°C/347°F and 250°C/482°F of bulk oil temperature inside the 
pipe is rather negligible, both at 33% and 50% oil content. 
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Nomenclature  Indices 
A Area [m2] T Temperature [°C] amb Ambient 
L  Length [m] Į Heat transfer coefficient [Wm-2K-1] dry of dry insulation 
Q  Power [W] į Insulation thickness [m] inside internal diameter 
r Radius [m] Ȝ Thermal conductivity [Wm-1K-1] outside external diameter 
1. Introduction 
Thermal oil is a popular heat transfer medium for application temperatures above 100°C (212°F) in heating and 
cooling applications. In comparison to water as a heat transfer medium, thermal oil mitigates the problems with 
elevated pressure of water at temperatures greater 100°C (212°F). It is frequently used in high temperature solar 
cooling applications, e.g. using concentrating collectors such as parabolic trough or linear Fresnel collectors. In such 
systems, thermal oil is typically used to transfer heat from the solar collector array to either a storage tank or a 
sorption chiller. Insulated steel piping is usually installed for the transport of the oil. The pipe insulation is a crucial 
part of the system. Oil piping, especially for larger systems, can easily accumulate to a few hundred meters length. 
Without insulation, the heat loss from the piping would dramatically reduce the net heat output from the solar array. 
Typically, rock or mineral wool is used as insulation material, combined with sheet metal cladding on the outside, 
Fig. 1. 
While dry insulation material provides good reduction of heat loss the situation is different when leaks appear. Oil 
leaking into the insulation, e.g. from a faulty fitting or valve, reduces the thermal resistance of the insulation material 
and hence increases thermal loss from the pipe. This is due to the fact that thermal oil has a higher thermal 
conductivity than dry mineral or rock wool. Typical properties for both materials are listed in Table 1. 
Table 1. Typical properties of mineral wool and thermal oil. 
Parameter Dry hydrophobic 
mineral wool 
Thermal heat transfer oil 
Density [kg/m3] 200 (at 40°C/104°F) 1030 (at 40°C/104°F) 
Max. operating temperature [°C/°F] 660/1220 380/716 
Kinematic viscosity [mm2/s] nA (solid) 16 (at 40°C/104°F) 
Thermal conductivity [W/(mK)] 0.035 (at 40°C/104°F) 0.128 (at 40°C/104°F) 
 
 
 
Experience with existing systems shows that saturated insulation of high-temperature piping drastically increases 
the surface temperature (and hence the heat loss) of the cladding, up to the point where bodily harm can be caused to 
operating staff, Fig. 2. The surface temperature shown in the infrared image (on the left of Fig. 2) exceeds 
90°C/194°F in sections and would cause serious harm to unprotected skin, e.g. when incidentally touched by staff. 
 
Fig. 1 Example of insulated oil pipe using 
mineral wool and sheet metal cladding. 
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Fig. 2 (a) Infrared image of saturated pipe insulation at a T-piece. 
Surface temperature exceeds 90°C (194 °F) in sections. The heat 
transfer medium temperature inside the pipe is 180°C (356°F). Photo: 
Jeremy Osborne. 
Fig. 2 (b) Visible light image of the same pipe T-piece. 
Photo: Jeremy Osborne. 
The effect of moistened insulation (e.g. insulation with water content) has been researched for building and 
underground storage insulation materials in a range of publications. Thermal conductivity has been modeled as a 
function of temperature and moisture content for moist bulk insulation materials used in underground heat storage 
tanks in [1]. It was found that thermal conductivity increases by a factor of 4-10, depending on temperature and 
moisture content. Even small water contents in the material (> 5%) may lead to an increase in thermal conductivity 
of 300% at elevated temperature of approx. 95°C/203°F [1]. Fiberglass, mineral and rock wool have been 
investigated and thermal conductivity as a function of the moisture content has been measured in [2]. It was found 
that higher density materials exhibit higher changes in thermal conductivity at the same moisture content. Significant 
differences in the order of magnitude for the thermal conductivity change have been observed. Rock and mineral 
wool had thermal conductivity increases of 297% and 307%, respectively, for a moisture weight content change of 
33% and 47%, respectively. For fiberglass a maximum conductivity change of 83% has been observed for a change 
in moisture weight content of 29% [2]. All values are given for an insulation temperature of 24°C/75°F. Expanded 
polystyrene and mineral wool have been investigated for different moisture contents in [3]. Again, it was found that 
even small moisture contents (5-20 vol%) in the material lead to increased thermal conductivity by a factor of 3-4. 
Full saturation of the material was found to result in conductivity increases by a factor of up to 23 [3]. Thermal 
conductivity has been modeled for fibrous insulation as a function of moisture content and temperature in [4]. The 
effect of increased heat loss from the building was investigated with regard to annual variations. It was found that 
moist insulation in the walls and roof of a building does not increase the overall energy demand of a building 
significantly. Changes in energy demand were modeled to be approx. 0.4 – 2%. 
 
All publications cited above deal with water content in the insulation material. The insulation material 
investigated in [1 – 4] includes bulk and panel only. No sources have been found for investigations on circular pipe 
insulation as well as oil content in the material. It is therefore of interest to investigate the effect of thermal oil 
leakage into circular pipe insulation. The focus of this paper is laid on researching the change of thermal 
conductivity between dry and oil-soaked insulation. Thermal conductivity is investigated as a function of the oil 
content in the insulation at two different internal oil temperature levels, 175°C/347°F and 250°C/482°F, and two 
different oil contents, 33% and 50%. The two temperature levels resemble typical operating parameters of high-
temperature solar cooling applications, e.g. using parabolic troughs or linear Fresnel collectors in combination with 
double-effect absorption chillers. The two oil content values were determined after preliminary testing. All values 
are compared to the thermal conductivity of dry, oil-free insulation material. 
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2. System and methodology 
A test stand has been constructed to measure the temperature distribution around the perimeter of an insulated, 
internally heated piece of pipe. Thermal conductivity is then calculated from the temperature difference between 
pipe inside and outside. The test stand consists of a 700mm long St37 steel pipe of 80mm outside diameter and a 
wall thickness of 5mm. The pipe is flanged on either side to allow easy access and removal, Fig. 3. 
 

Fig. 3. View of test stand showing oil-filled insulated pipe, heating element, expansion tank and temperature sensors.
 
The pipe is filled with thermal oil, type MARLOTHERM SH. This thermal oil is composed of 100% 
dibenzyltoluene. It has a flame point of 212°C and a boiling point of 390°C. Its kinematic viscosity at 40°C is 
16mm2/s. The oil is typically recommended for the use in indirect heating of reactors, polymerisation vessels, 
destillation columns and heating/cooling applications.  The pipe is insulated with mineral wool type PROTECT 
1000S from manufacturer ISOVER. This is a hydrophobic and silicon-free mineral wool with a thermal conductivity 
of Ȝ = 0,035 W/(m·K) at 40°C material temperature. The insulation layer has a thickness of 45 mm and is encased by 
a 0.5mm thick sheet metal casing of the type OKABELL from manufacturer ARMACELL. Inside the pipe an 
electric heating element from manufacturer TURK + HILLINGER (type EHK) is fitted with a max. heating power of 
1500 W. 
An expansion vessel is included to account for thermal expansion or evaporation of the oil. The sheet metal 
casing has been sealed on both sides of the pipe in order to prevent leakages of hot oil from the insulation. A view 
glass has been fitted on the face side of the pipe to allow for the measurement of liquid oil volume accumulating at 
the bottom of the insulation. The test stand was subject to continuous air flow when in operation to prevent oil vapor 
from entering the laboratory. For this, an existing exhaust system has been used. It generated an air velocity over the 
pipe of 0.5 m/s. 
2.1. Measurement instrumentation 
Temperatures are measured on the cladding surface using 16 resistance temperature sensors type Pt 100 Class A 
in combination with a data logger type RedLab TEMP from manufacturer MEILHAUS ELECTRONIC. Fig. 4 
shows the arrangement of the temperature sensors around the pipe. The electrical power of the heating element is 
measured using current probes. The heating element is equipped with an internal ON-OFF type thermostat to 
maintain a set temperature bandwidth.  
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
Fig. 4  Schematic of tested pipe with temperature sensor positions and dimensions. 1: Insulated pipe, 2: Heating element, 3: Expansion tank.
2.2. Oil content 
Oil leakage in installed piping, e.g. at a faulty fitting, will most likely result in local saturation of the insulation 
material. This includes top and bottom of the pipe due to capillary forces distributing the oil around the perimeter, 
even against the forces of gravity. Continuous oil leakage will result in a built-up of liquid oil at the bottom of the 
insulation and eventually oil dripping through the bottom of the cladding, which is typically not built liquid-proof. 
Eventually, a steady-state saturation will establish itself with continuous oil dripping through the cladding [5].  
This steady-state, even if acceptable in reality, poses a problem for the lab-based thermal conductivity 
calculations. Excess oil leaving the test stand results in additional heat loss of the system and thus the introduction of 
an error on the thermal conductivity calculations. It was therefore decided to proof the insulation cladding in order to 
prevent liquid oil from leaving the insulation material. A view glass was added to the cladding to assess the liquid oil 
height in the insulation.  
 
In order to determine the oil contents to be investigated in this publication, preliminary testing was undertaken. 
Different oil quantities were added to the insulation material and it was observed how much oil content was possible 
before the insulation was saturated and oil dripping commenced. It was found that the insulation material was 
saturated with oil after taking up 16.5 times the mass of insulation, i.e. 12.05kg of oil in 0.73kg of insulation. This 
oil mass taken up at saturation was assumed to equal 100% oil content. 
Measurements have been taken at two different oil contents in the insulation, namely 33% and 50%. See Table 2 
for details. Oil contents greater than 50% have not been investigated to avoid a thermal bridge of pure liquid oil 
between pipe and cladding.  
Table 2. Details of oil content in insulation 
Parameter 0% oil content 33% oil content 50% oil content 
Insulation mass [kg] 0.73 0.73 0.68 
Insulation volume [l] 8.11 8.11 7.52 
Oil mass [kg] 0 3.73 5.17 
Oil volume [l] 0 3.89 5.39 
 
Steady-state measurements of temperatures have been recorded for each combination of temperature and oil 
content. Steady-states have been held for a minimum of 25 minutes for each combination. 
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3. Experimental results and discussion 
A total of 16 temperature measurements have been recorded for each combination of internal oil temperature and 
oil content, Fig. 4. The heating element is a little shorter than the oil pipe, thus two positions along the pipe have 
been measured to account for the difference in heating element and pipe length. For each of the two sensor positions 
(labeled A and B in Fig. 4) the corresponding cladding surface temperatures have been averaged. The result is the 
average surface temperature of the cladding, measured around the perimeter in 4 positions, Fig. 5. 
0% oil content – dry insulation 33% oil content 50% oil content 
Fig. 5. Average surface temperature of cladding for different oil temperatures inside the pipe and for different oil content in insulation. 
Temperature scale given in °C. The exhaust air flow in each measurement was 0.5 m/s from the right to the left side of the chart. 
It can be seen in Fig. 5 that surface temperatures depend both on oil content in the insulation and internal oil 
temperature in the pipe. A rise of either results in increased surface temperatures. The surface temperature difference 
(for 250°C internal oil temperature) between 0% and 50% oil content is approx. 6.3K. 
 
The electrical heating power of the element has also been measured for each internal oil temperature, Table 3. 
Table 3. Measured electrical heating power of element for each combination of temperature and oil content. 
 0% oil content 33% oil content 50% oil content 
Electrical heating power at 175°C/347°F [W] 249 ± 5 302 ± 6 310 ± 6 
Electrical heating power at 250°C/482°F [W] 452 ± 9 518 ± 10 533 ± 11 
 
The total electrical heating power is introduced into the oil inside the pipe. In steady-state operation, the heat loss 
from the test stand has to equal the electrical power input. The total heat loss from the test stand can be divided into 
two main parts: the heat loss through the insulated pipe and the heat loss from the non-insulated parts of the test 
stand, e.g. the flanges, the expansion tank and piping as well as the element head. The heat loss through the 
insulation can be calculated for dry insulation using known thermal conductivity (manufacturer information, see 
Table 1) and geometric dimensions (see Fig. 4) using Eq. (1).  
(1)
The total heat loss through the non-insulated parts of the test stand can then be calculated as the difference between 
total electrical heating power and heat loss through the dry insulation, Eq. (2). 
(2)
Qinsulation,dry =
λdry ⋅ 2π ⋅ L ⋅ Tinside −Toutside( )
ln routside
rinside
§
©¨
·
¹¸
Qnon−insulated = Qelectrical − Qinsulation,dry
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    It has been assumed that the heat loss from the non-insulated parts remains constant, independent from oil content. 
It depends on temperature difference between the non-insulated parts of the test stand and ambient. It has been 
calculated for both 175°C/347°F and 250°C/482°F of internal oil temperature, Table 4. 
Table 4. Calculation of heat loss through dry insulation and non-insulated parts of test stand at 0% oil content (dry insulation). 
Internal oil temperature 
[°C/°F] 
Measured electrical 
heating power [W] 
(0% oil content) 
Calculated heat loss through 
dry pipe insulation, Eq. (1) [W] 
(0% oil content) 
Calculated heat loss through non-
insulated parts of test stand, Eq. (2) [W] 
(independent from oil content) 
175/347 249 ± 5 24 ± 0.6 225 ± 5 
250/482 452 ± 9 45 ± 0.7 407 ± 9 
 
It can be seen in Table 4 that the calculated heat loss through the dry pipe insulation is an order of magnitude 
smaller than the calculated heat loss through the non-insulated parts of the test stand. Combining Table 3 and Table 
4, the heat loss through oil-soaked pipe insulation can be calculated using Eq. (3). Table 5 shows the results. 
(3)
Table 5. Calculation of heat loss through oil-soaked insulation at 33% and 50% oil content. 
Internal oil 
temperature [°C/°F] 
Calculated heat loss through oil-soaked pipe 
insulation, Eq. (3) [W]  
(33% oil content) 
Calculated heat loss through oil-soaked pipe insulation, 
Eq. (3) [W]  
(50% oil content) 
175/347 77 ± 8 85 ± 8 
250/482 111 ± 13 125 ± 14 
 
Thermal conductivity has been calculated for each steady state measurement using the calculated heat loss values 
given in Table 5 using Eq. (4). 
(4)
The surface temperatures that have been used in Eq. (4) have been measured and averaged over the pipe length, 
Table 6. 
Table 6. Measured and averaged temperatures inside and outside of insulation used for thermal conductivity calculations. 
Parameter Internal oil 
temperature 175°C 
/347°F  
(33% oil content) 
Internal oil 
temperature 
250°C/482°F  
(33% oil content) 
Internal oil 
temperature 175°C 
/347°F  
(50% oil content) 
Internal oil 
temperature 
250°C/482°F  
(50% oil content) 
Inside temperature of insulation 
(equals oil pipe surface 
temperature), Tinside [°C/°F] 
159.1/318 222.4/432 160.4/321 222.7/433 
Outside temperature of insulation 
(equals cladding surface 
temperature), Toutside [°C/°F] 
34.3/94 39.9/104 35.1/95 43.6/110.5 
 
The results of the thermal conductivity calculations are given in Fig. 6 and Table 7. 
Qinsulation,oil = Qelectrical − Qnon−insulated
λOil =
Qinsulation,oil ⋅ ln
routside
rinside
§
©¨
·
¹¸
2π ⋅ L ⋅ Tinside −Toutside( )
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Fig. 6. Thermal conductivity of dry and oil-soaked insulation at different internal oil temperatures. 
Table 7. Thermal conductivity values for 0%, 33% and 50% oil content. 
Internal oil temperature 
[°C/°F] 
Thermal conductivity of 
dry insulation [Wm-1K-1] 
(0% oil content) 
Thermal conductivity of oil-soaked 
insulation, Eq. (4) [Wm-1K-1]  
(33% oil content) 
Thermal conductivity of oil-soaked 
insulation, Eq. (4) [Wm-1K-1]  
(50% oil content) 
175/347 0.04871 0.145 ± 0.014 0.159 ± 0.017 
250/482 0.05831 0.143 ± 0.016 0.164 ± 0.017 
 
The calculations indicate that an increase of oil content from 0% to 33% results in a thermal conductivity 
increase of a factor of 2.5 to 3, depending on temperature. It can be seen that the difference in thermal conductivity 
between 175°C/437°F and 250°C/482°F is rather negligible, both at 33% and 50%. Using average values, the 
increase of thermal conductivity between 33% and 50% is approx. a factor of 1.12. However, it is also clearly 
visible that the difference in thermal conductivity between 33% and 50% is within the uncertainty range. This is due 
to the measurement instrumentation of the test stand. 
 
 
 
1Manufacturer data, no uncertainty given. 
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3.1. Consequence on heat loss 
The heat loss of an insulated pipe depends on a range of parameters, amongst them the temperature difference 
between fluid and ambient, the pipe area and the thermal conductivity of the pipe insulation. It is solely proportional 
to the thermal conductivity of the insulation under the following assumptions: 
 
• constant fluid conditions (flow velocity, temperature),  
• constant ambient temperature and wind velocity, 
• constant area and thickness of pipe and insulation, 
• thermal conductivity of the pipe wall is small compared to the thermal conductivity of insulation and is 
thus neglected 
 
A change in thermal conductivity by a factor of 3, as observed for an oil content increase from 0% to 33% at a fluid 
temperature of 175°C/347°F, will therefore increase the heat loss of pipe by the same factor. For a pipe with the 
same geometric dimensions as for the tested piece of pipe (80mm pipe diameter, 45mm of insulation) the heat 
loss can therefore be calculated using Eq. (5). 
 
(5)
with 
(6)
and 
 
 
The heat transfer coefficient on the inside of the pipe, Įinside, has been estimated at 200 W/m2K for turbulent oil 
flow. The heat transfer coefficient on the outside of the insulation, Įoutside, has been calculated using Eq. (8) in units 
[Wm-2K-1]. 
(8)
 
Combining Eq. (5) to (8) the heat loss of a 0.55m long pipe with dry insulation at 175°C/347°F bulk fluid 
temperature and 22°C/72°F ambient temperature (no wind) is calculated to 1 W. Normalizing this yields 1.8 W/m of 
piping. If the insulation contains 33% of thermal oil, the heat loss of the pipe increases to 2.7 W in absolute and 4.9 
W/m in normalized terms. At 50% of oil content this increases to 2.9 W and 5.4 W/m, respectively. 
(7)
Q = k ⋅ A⋅ Tinside −Tamb( )
AM =
Aoutside − Ainside
ln Aoutside
Ainside
§
©¨
·
¹¸
1
kA
=
1
αinside ⋅ Ainside
+
δ
λ ⋅ AM
+
1
αoutside ⋅ Aoutside
αoutside = 8+ 0.04 ⋅ Tinside −Tamb( )
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4. Summary and conclusions 
The effect of oil leakage in insulated pipes on thermal conductivity of the insulation material has been 
investigated in this paper. It was found that an oil content of 33% in mineral wool insulation increases the thermal 
conductivity by a factor of 2.5 to 3, compared to dry, oil-free insulation. An oil content of 50% increases thermal 
conductivity by a factor of up to 3.3. It was observed that the difference in thermal conductivity between 
175°C/347°F and 250°C/482°F of bulk oil temperature inside the pipe is rather negligible, both at 33% and 50% oil 
content. 
A literature review shows that these results are in the same order of magnitude as thermal conductivity 
measurements of moist insulation (i.e. wetted with water). There, thermal conductivity increases by a factor between 
4-10, depending on material and temperature, when wetted with water. 
Heat loss was calculated for a pipe of 80mm internal diameter, an insulation thickness of 45mm, a bulk internal 
oil temperature of 175°C/347°F and no ambient wind velocity. For an oil content of 33% the normalized heat loss is 
4.9 W/m, for an oil content of 50% it is 5.4 W/m. Compared to dry insulation this equals an increase of heat loss by 
a factor of 3 and 3.3, respectively. 
 
The effect of oil-soaked insulation on heat loss is expected to be larger in reality. This is due to the fact that sheet 
metal cladding of installed insulation is not leak tight. Leaking oil will eventually start dripping from the cladding, 
thus removing additional heat from the pipe. The effect of this phenomenon was not investigated in this publication 
and shall be subject to future research.  
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